Fate of added 'SNH4-N and ~sNO~-N in waterhyacinth [Eichhornia crassipes (Mart.) Solms]-based water treatment system was evaluated under controlled conditions. Labeled ISNH4-N uptake by waterhyacinth exceeded ~sNO~-N uptake. Total ISN recovery by waterhyacinth ranged from 57 to 72% for added ~sNO~-N and 70 to 89% for added ~SNH4-N. Both sediment and detritus were potential sources of N for waterhyacinths. Waterhyacinths cultured in sewage effluent removed 55% of the added ~SNH~-N and 14% of the added ~sNO3-N, respectively. Three to 44% of the added ISNH4-N was lost through nitrification in the water column and subsequent denitrification in the underlying sediments, whereas 24 to 86% of the added ~sNO~-N was lost through denitrification. In a system without plants, 13 to 89% of the added SNH,-N and 48 to 960/0 of the added lsNO3-N were lost from the system through a combination of nitrification/denitrification and NHṽ olatilization.
The ability of waterhyacinths and other aquatic macrophytes to remove nutrients from polluted waters recently received much attention by several researchers (Cornwell et al., 1977; Dinges, 1978; McDonald and Wolverton, 1980; Reddy et al., 1982; Hauser, 1984) . Although some information on the design and performance characteristics of hyacinth-based water treatment systems is available (Stowell et al., 1981; Duffer, 1982; Reddy and Sutton, 1984) , very little is known about the concurrent role of biochemical processes functioning in these systems in reducing pollutant levels (DeBusk et al., 1983; Reddy, 1983) . For example, it is not generally known how much of the incoming N is removed by aquatic plants compared with the N removed by biochemical processes such as nitrification and denitrification. In a recent review, Good and Patrick (1987) identified this as a major research need for water treatment systems utilizing aquatic plants.
Plant detritus is an integral part of waterhyacinth mats. It is usually derived from natural aging of plants, biological or chemical control, and frost damage. The addition of detritus influences several C and N transformations (Fenchel and Jorgensen, 1977) . Detritus also provides an energy source for denitrification (Reddy et al., 1982) . Underlying sediments can also function as an effective sink for NO3-N (via denitrification or leaching) in water (Patrick et al., 1976) .
In order to improve the efficiency with which aquatic plants remove N, it is important to understand the pathways involved in N removal from water. To quantitatively do this, it is more effective to enrich wastewater with ~SN, Univ. of Florida, Inst. of Food and Agric. Sci., Soil Sci. Dep., Gainesville, FL 32611. Florida Agric. Exp. Stn. Journal Series no. 8458. Received 25 Feb. 1987 . *Corresponding author.
Published in J. Environ. Qual. 17:71-76 (1988) . so that the effluent N can be distinguished from N released from other sources such as plant detritus and sediment N. Studies conducted so far on N utilization by waterhyacinths have been restricted to systems using nutrient solutions and nonisotopic methods (Rogers and Davis, 1972; Boyd, 1976; Reddy and Tucker, 1983) .
The overall objective of this study was to determine the effect of detritus on selected N transformations in water columns with and without waterhyacinth plants. specifically, the objectives were to determine (i) the influence of detritus on the fate of ~SNH,-N and '~NO3-N in sediment-water-plant systems, and (ii) the distribution of added '~N in a sewage effluent pond stocked with waterhyacinths.
MATERIALS AND METHODS

Effect of Detritus on Nitrogen Transformations
Two greenhouse studies were conducted to evaluate the effect of detritus on the fate of ~N labeled NO3-N or NH,-N in water columns with and without waterhyacinth plants. Treatments evaluated were (i) with and without underlying sediment, (ii) with and without waterhyacinth plant cover, and (iii) three rates of added waterhyacinth detritus. Each treatment was replicated two times. There were 24 tanks in each study having dimensions of 50-cm by 50-cm by a 25-cm depth. Twelve of the 24 tanks received a sediment layer of 2.5 cm (1.875 kg of soil). The sediment was a Lauderhill organic soil (Lithic Medisaprists) collected at the Central Florida Res. and Education Center's research farm in Zellwood, FL. The soil was airdried and passed through a 2-mm sieve. Fifty liters of tap water were added to sediment tanks to obtain a 20-cm water depth.
The greenhouse studies were initiated after sediment/water column equilibration of 1 wk. A nutrient medium (a modified 10% Hoagland's solution; Reddy and DeBusk, 1984) was added to all tanks to obtain nutrient concentrations of NH,-N or NO3-N = 20.0mgL-~;K = 23.5 mg L-~; PO4-P = 3.1 mg L-~; Ca = 20.0 mg L-'; Mg = 4.8 mg L-'; SO,-S = 6.4 mg L-'; Fe = 0.6 mg L-'; and micronutrients. Micronutrients were applied through a commercially available liquid fertilizer (Nutrispray-Sunniland, Chase and Co., Sanford, FL) to obtain a final concentration of 0.2 mg Cu L -~, 1.5 mg Mn L -~, 0.04 mg B L -t, and 0.02 mg Mo L -~. Waterhyacinth detritus (shoot and root material) was added at the rates of 0, 100, and 400 mg C L-L The detritus was chopped manually to lengths of approximately 2 cm. Detritus for treatments with added ~NO~-N was collected from a natural waterhyacinth stand in Zellwood, FL, and had an initial N content of 5.6 mg g-' of dry tissue. Detritus for treatments with added ~NH,-N was collected from a waterhyacinth stand located in a wastewater stabilization pond at the Univ, of Florida wastewater treatment plant in Gainesville, FL, and had an initial N content of 23.1 mg g-~ of dry tissue.
Waterhyacinths, at an initial density of 10 kg (fresh wt.) -:, were added to the tanks. The plants were collected from the Univ. of Florida's Bivens Arm research reservoirs in Gainesville, FL. The plants were clipped of dead tissue and sprayed with tap water prior to placement in the tanks.
The disappearance of added inorganic N was determined by collecting water samples at 0, 1, 2, 3, 4, 8, 15, and 28 d, . Plant samples and detritus were also analyzed for TKN. The sediment was characterized for organic and inorganic N prior to and at the conclusion of each study. Fifty grams (dry wt.) of moist sediment samples were extracted with 2 M KCI and analyzed for NH,-N and NO3-N. Sediment samples were air-dried, ground by mortar and pestle, and analyzed for TKN.
Nitrogen Transformations in a Sewage
Effluent-Hyacinth System
Sewage effluent used in this study was obtained at the inlet of a sewage effluent treatment pond stocked with waterhyacinth plants, which is adjacent to the Coral Springs, FL, wastewater treatment plant. Raw sewage entering the hyacinth pond received secondary treatment in either a contact-stabilization or extended-aeration package plant, both of 3785 m 3 d-' (MGD) capacity. Detailed descriptions of the ponds and operation mode are presented by DeBusk et al. (1983) . The sewage effluent used contained 50 mg biological oxygen demand (BOD) -~, 6mg NH,-N L -~, 9 mg TKN L -', and 2 mg total P (TP) -~. The p H of the effluent was 6.9.
This study was designed to evaluate the fate of added '~NH~-N and ~3NO3-N in a simulated effluent pond containing waterhyacinth plants. Sediment obtained from the sewage effluent pond was placed in 20-L plastic containers to a depth of 7.5 cm. This sediment consisted essentially of organic particles and detritus plant material settled at the bottom of the sewage effluent pond. Seventeen liters of sewage effluent were carefully placed above the sediment, and the containers were stocked with waterhyacinth plants at a density of 10 kg (fresh wt.) -2. The following treatments replicated three times were evaluated: A second experiment was conducted to evaluate the loss of added ~N from sewage effluent without plants when maintained under both aerobic and anaerobic conditions. Sediment obtained as described earlier was placed in 4-L jars to a depth of 7.5 cm, and 3 L of sewage effluent was carefully placed over the sediment. All jars were sealed air tight with the caps containing an inlet and an outlet port for air or N2 flow and a rubber septum for water sampling. To maintain aerobic conditions, air was bubbled through the effluent at a rate of about 30 mL min-', while N2 gas was bubbled at a rate of about 30 mL min -' to maintain anaerobic conditions. The outflow of air or N2 from each jar was allowed to flow through 0.1 M acid traps to absorb any NH~ released from the sewage effluent systems. The following treatments replicated three times were evaluated: (i) sewage effluent enriched with 20 mg ~SNH~-N L -~ (10.0 atom % "N excess) as ammonium sulfate, and maintained under both aerobic and anaerobic conditions; and (ii) sewage effluent enriched with 20 mg ~NO~-N L -~ (10.0 atom °/0 ~N excess) potassium nitrate and maintained under both aerobic and anaerobic conditions. Water samples were obtained at 0, 1, 2, 4, 8, and 15 d and analyzed for NH,-N and NOrN. At the end of the 15 d water and sediments were analyzed for both total and labeled N contents. Dissolved O2 and pH of the effluent were measured once every 2 d.
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Analytical Methods
Inorganic N for all samples was determined by steam distillation (Keeney and Nelson, 1982) . The TKN of water, plant, and sediment samples were determined by micro-Kjeldahl procedures (Nelson and Sommers, 1972 , 1973 , 1975 . The ~N analyses water, sediment, plant, and detritus samples were conducted using a Micro Mass 602 spectrometer. (VG Instruments, West Sussex, England).
Water pH (Orion Model 404 Specific Ion Meter) and dissolved O2 (Yellow Springs Instrument Model 54 O2 meter, Yellow Springs Instrument Co., Yellow Springs, OH) were measured every other day in the water-sediment-plant systems, pH of the sewage effluent was measured using a glass electrode and a pH meter.
RESULTS AND DISCUSSION
Effect of Detritus on Water Chemistry
The dissolved 02 (DO) concentration of water was affected by the addition of detritus, with low values (0.1-2 mg L-') recorded for the treatment with hyacinth plants and 400 mg C L-' added (Table 1) . For the same treatment with no detritus added, DO was in the range of 3 to 4 mg L -I . In the treatment with no plants, DO values fluctuated from 2 to 8 mg L -1 for high rates of detritus added, whereas DO reached super saturation levels (> 20 mg L-') when no detritus was added. Water pH was also affected by detritus additions, and remained in the range of 5 to 7 for the treatments with plants (Table 1) . Water pH, however, increased to 10 for treatments with no plants, because of intense algal photosynthetic activity.
Added ~SNH~-N and'~NOrN decreased to negligible concentrations (data not shown) within 2 and 4 d for the treatments with plants, whereas it took 15 to 28 d for the treatments without plants. Nitrate-N disappeared more rapidly from the water than NH,-N. 5.1 ± 0.9 400 5.8 ± 0.6 With sediment 0 6.7 ± 0.2 100 6.7 ± 0.1 400 6.7 ± 0.2 4.0 ± 0.8 6.1 ± 0.8 4.1 ± 0.7 3.1 ± 0.9 6.3 ± 0.4 2.8 ± 0.6 1.9 ± 1.1 6.5 ± 0.1 1.8 ± 0.9
3.4 ± 0.8 6.9 ± 0.1 3.9 ± 0,6 3.0 ± 0.9 6.9 ± 0.1 2.7 ± 0,6 1.7 ± 0.8 6.6 ± 0.1 1.9 ± 1,0 No,.~lants Without sediment 0 6.6 ± 1.6 8.7 ± 1.3 9.5 ± 1.0 15.3 ± 4.8 100 6.8 ± 1.2 7.7 ± 3.3 9.2 ± 1.1 13.6 ± 5.7 400 6.8 ± 0.4 2.2 ± 2.1 8.2 ± 0.7 7.8 ± 4.8 With sediment 0 8.2 ± 0.9 8.9 ± 4.5 8.9 ± 0.7 10.7 ± 4.5 100 8.0 ± 0.8 7.0 ± 5.6 8.5 ± 0.6 6.7 ± 3.4 400 7.5 ± 0.5 1.8 -~ 2.4 8.0 ± 0.5 4.5 * 2.5
All measurements were taken between 1300 and 1500 h and represent averages of 30 sampling periods. Carbon source was plant detritus. 
Effect of Detritus on Plant Nitrogen Assimilation
Total N assimilation by waterhyacinths and the contribution of added '~NO3-N and ~NH,-N to total N assimilation are presented in Table 2 . Plant N assimilation was always greater for water with underlying sediment. Part of the increased plant N assimilation in water with sediment was due to N mineralization within the sediment. Generally, the contribution of added ~ ~NO3-N or '3NH,-N to total plant N assimilation also decreased with increasing detritus additions. Mineralization of detritus N was a potential N source for plant assimilation. Reddy (1983) found that 60 to 64°70 of total assimilation by waterhyacinths was derived from ~N, whereas 36 to 40°/0 was derived from sediment and from decomposition of detritus.
The '~N recovered by plant tissue (mg) was fairly con- stant, although plant 'SNH,-N uptake exceeded '~NO3-N uptake. Waterhyacinths appeared to be more efficient in utilizing ~NH,-N than '~NO~-N (Reddy and Tucker, 1983). When waterhyacinth growth is not restricted by climate, rapid assimilation of added NO~-N or NH,-N would be expected.
Effect of Detritus on ISN Balance in Water-Sediment-Plant Systems
A '~N balance for water with added '~NO~-N and '~NH,-N is presented in Tables 3 and 4, respectively. Total "N recovery by waterhyacinths ranged from 57 to 72 and 70 to 89% for water with added '~NO~-N and '~NH,-N, respectively. Algal surface mats accounted for approx- imately 8°70 and up to 15% of added I~NO3-N and '~NH,-N, respectively. The algal surface mats represented a minor portion of total microbial N assimilation. The I~N associated with detritus was determined for water with added I~NH,-N, but not for added '~NO3-N. Less than 10070 of the added'~NH,-N was recovered in detritus for water with plant cover. Newly formed waterhyacinth detritus from plant material deposited over the 28 d accounted for 7070 ~N recovery for water without added detritus or sediment.
Detritus 'SN recovery in open water increased with an increasing rate of detritus addition (Table 4) . This suggests that during periods of low waterhyacinth productivity (i.e., winter) detritus will be an important sink for inorganic N removal. The high 'SN recovery in detritus was surprising since the original detritus had a high N content (23 mg g-~ of dry tissue). Therefore, the detritus used in water with added I'NO3-N probably accounted for even more ~'N immobilization due to a low initial N content (5 mg g-' of dry tissue). Generally, ~SN recovery in the sediment was primarily in organic form. Less than 1 070 of the added ~NO3-N was recovered as sediment inorganic N. However, between 3 and 7070 of the added ~NH,-N was recovered as sediment inorganic N. The lower recovery of sediment inorganic '~N in water columns with added '~NOrN was probably due to reduction to gaseous N via denitrification. Some of the added '~N was recovered as organic N in the water.
Plant uptake was the primary mechanism of N removal from water with waterhyacinths. The ~N unaccounted for was lost from the systems through a variety of possible transformations.
A more thorough investigation would be required to establish the extent of algal N assimilation. Volatilization of NHrN in open water and denitrification in water with underlying sediment are two other possible mechanisms for N removal.
Nitrogen Loss From a Sewage Effluent-Hyacinth System
The NH,-N concentration ( Fig. 1 ) of sewage effluent essentially disappeared by 8 d for a system containing waterhyacinth plants. Ammonium removal was slower for the system with no plants, with about 99070 of the NH,-N lost in 15 d from effluent maintained under aerobic conditions, while NH,-N concentrations of effluent maintained under anaerobic conditions actually increased by about 140070 during the same period.
Nitrate removal from sewage effluent was rapid for all treatments (Fig. 2) . For the system without plants, about 99070 of the initial NOrN was removed during the first 4 d. Nitrate removal was slightly faster for effluent maintained under anaerobic conditions, as compared with aerobic conditions. Nitrate removal rates were > 93070 for the system containing plants. Nitrate removal was slightly faster for the effluent receiving detritus plant tissue as an energy source, compared with effluent with no added detritus.
Data on the uptake of native sewage effluent N and added ~N by waterhyacinth plants are shown in Fig. 3 . Data on the mass balance of added "N in a sewage effluent system containing plants are shown in 
CONCLUSIONS
Results obtained in this study indicate that N removal due to plant uptake can be very significant for NH 4 -Nrich sewage effluents, whereas denitrification plays a major role in the removal of NO 3 -N from the effluents rich in NO 3 -N. Major processes functioning in a sewage effluent pond containing waterhyacinth plants include plant uptake, nitrification of NH 4 -N in the water column, and denitrification in the underlying sediment or in the anaerobic portions of the rhizosphere (Good and Patrick, 1987) . Although no direct evidence for denitrification was obtained in this study, mass balance of the added 15 NH 4 -N suggests the significance of this process.
Longer detention times were needed for NO 3 -N and NH 4 -N removal from the sewage effluent pond without plants, compared with systems with plants. Under anaerobic conditions, NH 4 -N concentration of the effluent without plants was increased by 140%. This was probably due to mineralization of organic N, and suggests that anaerobic systems are not suitable for treating NH 4 -N-rich wastewaters. Ammonia volatilization did not result in significant loss of N under both aerobic and anaerobic conditions. f ND = not detectable.
Primary sewage effluents normally have relatively high NH 4 -N concentrations, and very low NO 3 -N levels, whereas secondary sewage effluents tend to have high NO 3 -N concentrations and relatively low NH 4 -N levels. For many of the standard effluent treatment systems, primary treatment is performed by aeration in order to achieve secondary treatment standards. Aeration of primary sewage effluent results in the conversion of NH 4 -N to NO 3 -N through nitrification. In waterhyacinth ponds used for treating secondary sewage effluents, N may be limiting the growth and productivity of the plants. This is due to poor utilization of NO 3 -N by waterhyacinths cultured in secondary sewage effluent and also a rapid rate of denitrification in the anaerobic zones of the pond.
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